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1.0 Summary
>
Small angle x-ray scattering (SAXS) and (WAXS) techniques are being

developed to investigate and characterize cured epoxy resin inhomogeneities
on the one hand and to elucidate the spatial distribution of crosslinks

on the other. Priority was given to the first problems, e., network

;.
inhomogeneities.

Samples of cured epoxy resin have been formulated in series that
would be expected to follow trends in size of highly cross-linked clusters
according to results and theories in the literature. Examination of two
such series of samples by SAXS shows that the expected trends are followed
and that the differing sizes of clusters do cause clearly discernible
changes in the SAXS pattern. However, the need for SAXS data at highe:
resolution is clearly indicated to allow complete interpretation. Such
data is now being obtained.

The proposed preparation of cured epoxy resins in which heavy atoms

would be present only at cross-links is described. Progress in the

synthesis of the required heavy atom reagents is reported.
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2.0 Introduction

2.1 Objective
The principle objective of this program is the development of methods
based on x-ray scattering techniques which permit to address crosslink g
density distributions in cured epoxy resins.
2.2 Scope of Work
The objective of the program involves two separate problems which
require different approaches. The first problem concerns the dimensional

characterization of network inhomogeneities and the correlation of the

degree of inhomogeneity with resin formulation and curing conditions.
The second problem concerns the elucidation of the spatial distribution
of crosslinks. Further work would then permit to correlate the estab-
lished crosslink density distributions with physical properties of the
cured resin. Both problems are being addressed by utilizing wide angle
(WAXS) and small angle (SAXS) x-ray scattering techniques.

During the report period priority was given to the first problem,
the investigation and characterization of network inhomogeneities. This
selection was made because of the general importance of this problem as

manifested by a number of recent publications dealing with nodule forma-

tion in cured epoxy resins.




3.0 Problem Definition and Approach

3.1 Network Inhomogeneities

3.1.1 Background

- Considerable evidence has been accumulated by different investiga-
tors which demonstrates that the crosslink density in highly crosslinked
polymeric networks is not uniform. The non-uniformity of the network
density can be so pronounced that the system approaches a two-phase
system being composed of a large number of densely crosslinked domains
of globular shape (nodules or network clusters) which are imbedded in a
common matrix of lower crosslink density. Indeed, Funke (1) states in a
discussion of reaction mechanisms leading to the formation of crosslinked
systems that the formation of homogeneous networks represents an exception
in crosslinking polymerization.

Funke (1,2) summarizes several factors which can be responsible for .
the formation of network inhomogeneities in crosslinking polymerizations.
1. Difference between the reactivities of different functional

groups which results in a uneven distribution of crosslinks.
2. Phase separation (microsyneresis) due to thermodynamic insta-

bility of the system.

3. Phase separation due to steric hindrance
4. Intramclecular cyclization reactions i
e Unreacted functional groups. '

The importance of individual factors depends on the system under
consideration, but generally, all of the factors can play a decisive

role in the curing process of epoxy resins.

Uneven distribution of crosslinks caused by differences between the

reactivities of different functional groups will be affected by the

3
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chemical structures of the components of the resin formulation (e.g.,
monoepoxides vs. diepoxides, primary vs. secondary amines, ether vs.
ester formations in anhydride cures, etc.).
Microsyneresis is a consequence of partial segregation occurring in
a system on approaching its limit of thermodynamic stability. It will
be mainly of importance in systems containing unreacti-e diluents. As
shown by Dusek (3,4) a network formed in the presence of a solvent can
accommodate only an amount of the latter corresponding to its swelling
equilibrium value. With increasing crosslinking density the degree of
4 swelling of the network decreases and phase separation will occur which
may be enhanced by incompatibility between solvent and polymer. Micro-
syneresis will be affected by reaction temperature and ultimate crosslink
density, as well as solubility parameters of solvent and polymer.

The occurrence of microsyneresis is not restricted to systems
containing an unreactive diluent but can take place in any system in
which limited compatibility between network and monomeric resin exists.
Indeed, a limited compatability between network and uncrosslinked resin
is assumed by several authors to explain the formation of network inhomo-
geneities.

Phase separation due to steric hindrance can be caused by two

effects (5). Firstly, already at moderate degrees of crosslinking,

residual functional groups can become separated too far to undergo
further reaction. Secondly, with increasing degree of crosslinking the

glass transition temperature of the polymer increases due to increasing

immobilization of network segments. Consequently, as soon as the glass
transition temperature approaches the curing temperature further curing
reactions cease. By increasing the curing temperature renewed segmental

mobility is obtained and further curing takes place (6).

4
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A relatively low importance was assigned by Dusek et al. (7) to
cyclization reactions in epoxy cures which should result in the formation
of microgels. The authors claim this type of reaction to be more typical
of crosslinking chain polymerizations where, at higher contents of
crosslinking agent densely crosslinked particles are already formed at
the beginning of the reaction.

Contrarily to Dusek et al. (7), Liittgert and Bonard (8) claim that
the decisive factor determining the morphology of cured epoxy resins is
given by the number of microgel particles formed during the very early
stages of the curing process. According to these authors the onset of
crosslinking occurs localized with the formation of microgel particles
of high crosslink density. As the curing process proceeds, these gel
particles grow in size in the liquid resin until they meet and the bulk
of the material gels. Consequently, the final size of globular domains
in the cured resin depends on the ratio of two rates, the rate of micro-
gel formation (nucleation) and the rate of growth of the gel particles.
At high curing temperatures the rate of nucleation will be fast and the
great number of microgels formed permits growth only to a small size.
Low curing temperatures initiate only a small number of gel particles
and the cured resin will show large globular inhomogeneities. The
proposed curing mechanism is based on results obtained from electron
microscopic investigations of fracture surfaces of resins cured at
different temperatures.

The existence of inhomogeneities in highly crosslinked polymer
networks, especially cured epoxy resins, is supported by a wide range of
experimental evidence. Swelling experiments (9, 10) indicated differ-

ences between the rates of solvent uptake for globules and matrix mater-
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ial. Mechanical properties, such as tensile strength, showed large
discrepancies between theoretical and experimental values which were
interpreted by assuming network inhomogeneities (11).

Most of the evidence is derived from electron microscopic investi-
gations of fracture surfaces by replication technique 77,8,12-19).
Generally, the micrographs reveal the presence of globular domains with
dimensions in the range of 10-70 nm. Since the presence of nodules was
also observed with other polymeric networks besides epoxy resins (20-
23), nodule formation can be considered as characteristic for crosslinking
polymerization reactions. Micrographs of fracture surfaces of uncross-
linked, glassy polymers, such as polystyrene or poly(methyl methacrylate),
reveal similar features but in a less pronounced way (24).

So far the existence of nodular structures in cured epoxy resins
could not be confirmed by x~ray scattering experiments (7,16,17). In
view of the accummulated evidence for the presence of globular network
inhomogeneities the lack of x-ray evidence would indicate a very small
difference between the electron densities of nodules and embedding
matrix material. This conclusion is not inconsistent with the suggestion
that the microscopically observed nodules represent regions of higher
crosslink density, for an increase in the latter may only slightly
affect the local electron density (17).

An essentially uniform electron density throughout the bulk of
cured epoxy resins is also indicated by the absence of structural fea-
tures in transmission electron microscopy of microtomed samples (25).
Apparent regions of high crosslink density at the edge of a craze were
observed by transmission electron microscopy of an amine cured epoxy

resin (26), but the large dimensions of these regions (200-1000 nm) are

gl
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far outside the range of nodule dimensions generally observed on fracture

surfaces. J

3.1.2 Small Angle X-Ray Scattering §

A detailed discussion of SAXS as applied in the morphological
investigations of rnred epoxy resins will be given in a later section.
In this section only some principles are discussed which affect sample ]
selections and preparations.

For the purpose of our investigations a cured epoxy resin possessing
an inhomogeneous network structure (nodules) may be considered to corre-
spond in its x-ray scattering effects to a system composed of low mole-

cular weight solvent in which particles of colloidal dimensions are

dispersed. The colloidal particles of the model system would correspond
to the densely crosslinked nodules whereas the solvent corresponds to
the matrix of uniform low crosslink density. In such a system the total
SAXS effect is composed of three contributions (27).

(a) The scattering of the solvent (matrix) which is generally very
weak in the small angle region. (b) The actual particle scattering
which can be observed only if a sufficient difference in electron densi-
ties exists between particles (nodules) and solvent (matrix). The
intensity of the scattered radiation generally increases with decreasing
scattering angle. From the shape of the intensity distribution close to
the primary beam conclusions can be derived with respect to shape and
size of the scattering particles. (c) Density fluctuation inside the
particles cause a constant background intensity in the small angle
region.

The intensity of the particle scattering depends on the magnitude

of the electron density difference between both phases. This difference

7




is rather small in cured epoxy resins. Dusek et al. (7) estimated a
value not exceeding 0.005 mol/cm3, i.e., the difference between the
densities of nodules and matrix would be smaller than 0.01 g/cms.
Because of this small density difference the intensity of sample scat-
tering deviates only slightly from the background intensity resulting
from instrumental scattering.

Initially, it was intended to investigate epoxy resins cured with
hardeners containing heavy atoms of high x-ray scattering power (e.g.,
chlorine, bromine, tin). This approach was abandoned since an increase
in the electron density difference between nodules and matrix cannot be
achieved by this method. It seems reasonable to assume that the differ-
ence in crosslink densities between nodules and matrix will not be
affected to a large extent by the kind of hardener used. Since the
difference in crosslink densities determines the difference in electron
densities an increase in contrast between nodules and matrix will not be
achieved with the use of labeled hardeners.

Labeled hardeners of high x-ray scattering power would be useful in
the present study only if they were selectively distributed between the
two phases of the cured resins. Such a possibility might be realized by
using a combination of labeled and unlabeled hardeners of strongly
differing reactivities in the curing process. If one assumes the nuclea-
tion theory of Liittgert and Bonart (8) to apply, the more reactive
hardener should preferentially participate in the initial formation of
the microgel particles. Such a system would be given by dichloromaleic
anhydride and maleic enhydride where the former compound cures consider-
ably faster than the latter. As a consequence the core of the nodules
should have a higher chlorine concentration than the matrix and the

particle scattering power of the resin should be increased.




Although the outlined resin preparation might result in improved
particle scattering, the interpretation of SAXS data of such samples
cannot be generalized due to the complexity of the curing system. The
electron density difference between nodules and matrix can be increased
in resins cured with conventional hardeners by utilizing the effect of
crosslink density on the swelling properties of crosslinked networks.
The solvent uptake by the less densely crosslinked matrix will be higher
than by the more densely crosslinked nodules. Consequently, the use of
a swelling agent of high electron density, such as brominated aliphatic
or aromatic hydrocarbons, will generate the desired electron density
difference and increase the particle scattering of the sample.

Since the required contrast between nodules and matrix cannot be
achieved with labeled hardeners unlabeled hardeners were used in most of
our resin preparations. The use of conventional hardeners has the
advantage that resin formulations and curing conditions can be investi-
gated which are close or even identical to those applied in practical
applications.

Labeled hardeners, especially brominated anhydrides, also present
experimental problems in sample preparations. The high molecular weights
of the hardeners require resin formulations which often exceed the
solubility limit of the hardener in the epoxy resin. This unfavorable
situation is aggravated by the high melting points of brominated anhy-
drides which require elevated casting temperatures with the possibility
of premature gelling of the resin.

The extremely small electron density difference between nodules and
matrix of conventionally cured epoxy resins required the development of

a sophisticated experimental technique for our SAXS investigations. For
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this purpose conditions of sample preparation were selected which could

be anticipated to yield networks possessing different degress of inhomo-

geneity.

Resin samples so far investigated by SAXS technique are all derived
from a triepoxide (Ciba-Geigy PT-810) cured with anhyd+ides. In anhy-
dride cures, both the epoxy group and the anhydride group act difunc-
tional. Consequently, a tri-epoxide has a maximum functionality of six
at a compositional ratio of one anhydride group per epoxy group. By
decreasing this ratio to a value of 0.67 the triepoxide will have an
average functionality of four and correspond in its curing behavior to a
diepoxide. One can expect that resins cured at different epoxy to
anhydride ratios will differ with respect to extent and dimensions of
network inhomogeneities. Especially at low anhydride concentrations the
formation of densely crosslinked nodules might be anticipated since
during the early stage of the curing process part of the tri-epoxide
will exert is maximum functionality due to the initial abundance of

anhydride.

Further changes in network morphology were affected by using resin
formulations containing varying amounts of an unreactive diluent (di-
methylphthalate) and by performing the curing process at different
temperatures.

3.2 Crosslink Density Distribution

The elucidation of the crosslink density distribution in cured

epoxy resins has already been addressed in part by the evaluation of the
observed intensity distribution caused by particle scattering in SAXS
experiments. These experiments reveal the presence of domains with

crosslink density exceeding that of the surrounding material and thus




demonstrate for such resins a biomodal form of the overall crosslink

density distribution.

Experimental determinations of distances between crosslinks in
polymeric networks were performed recently with model networks utilizing
SAXS (28,29) and neutron coherent scattering (29,30) techniques. The
model networks for SAXS were prepared by anionic polymerizations which
yielded monodisperse chain segments of predetermined lengths which could
be connected by ironlabeled crosslinks during network formation. SAXS
by these network revealed the presence of one single but rather broad
diffraction band. For a given network the position of the band maximum
was found to be a function of the degree of swelling of the gel. For a
series of networks differing merely in the average segment length between
crosslinks the maximum shifted to lower scattering angles as the average
segment length increased.

It followed from these SAXS results that a well-defined correlation
distance exists between first neighbor crosslinks. There is, however,
no correlation between the position of second neighbor crosslinks: the
network behaves in this respect as amorphous compounds or as liquids
(29).

The application to cured epoxy resins of the outlined SAXS technique
for structural investigations of model networks requires some further
considerations. The most pronounced difference between both kinds of
networks is given by the extremely high crosslink density in epoxy
resins.

In the model networks the observed Bragg spacings corresponding to
the average distances between crosslinks varied between 10 and 20 nm.

These values are about one order of magnitude larger than can be estimated

1l
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for crosslink distances in cured epoxy resins which have to ccrrespond
to the molecular dimension of one epoxy-hardener pair. As a consequence,
the positions of the intensity maximum in the diffractogram representing
the average Bragg distance of crosslinks will occur in the wide angle
region and will coincide with intensity maxima caused by general short
range intra- and intermolecular ordering in the networn. The latter
maxima were found by Dusek et al. (7) to correspond to Bragg distances

of about 0.5 and 1.5 nm in a resin derived from the diglycidyl ether of
bisphenol-A.

In principle, the strong overlap or near coincidence of both, the
amorphous scattering of the resin and the scattering due to the labeled
crosslinks, can be resolved by subtracting the scattering curves of two
resins prepared under identical conditions but possessing labeled and
unlabeled crosslinks, respectively. The method will be subjected to
some inaccuracy since short range ordering in both samples will differ
to some extent due to the presence and absence of the labeling atoms.
Furthermore, the evaluation of the scattering curves will be affected
by any difference between both samples concerning the extent of network
inhomogeneities. For this reason the elucidation of particle scattering
was assigned priority in our work in order to characterize film samples
prior to further detailad investigations.

According to the synthetic method used for the preparation of model
networks, the functionalities of the iron labeled centers varied to some
extent but it could be assumed that each center will have a functionality
exceeding a value of two, i.e., each labeled center will represent a
crosslink in the network. This necessary condition for the elucidation
of crosslink densities by x-ray scattering techniques is not met by

epoxy resins containing labeled crosslinks.

12
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In order to simplify the discussion, only network formations will
be considered which occur between difunctional and tetrafunctional
components. Such network formations are represented by cures of diepo-
xides with either anhydrides of dicarboxylic acids or primary diamines.

Anhydride cures in the absence of catalyst require the presence of
hydroxyl groups in the epoxy resin, e.g., secondary hydroxyls found in
the higher molecular weight epoxides based on bisphenol-A. According to
Fisch et al. 6,31) the anhydride ring is opened by the hydroxyl group

under formation of a half-ester, eq. (la). The half-ester then reacts

through its acid group with a second epoxy ring thereby forming a hydroxy

diester, eq. (1b). The hydroxyl group of the diester can be consumed
either in further esterification reactions with anhydride groups or can

undergo etherifications reactions with epoxide groups, eq. (lc).
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Undesirable etherification reactions can be suppressed by tertiary

amine catalysis of the curing process. Tanaka and Kakiuchi (32) concluded
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from their kinetic analysis of base-catalyzed curing processes that

etherification did not occur below 140°C.

The reaction sequence for

tertiary amine catalyzed cures as suggested by Fischer (33) involves the i

alternating formation of alkoxide esters and carboxylate ions.

carboxylate ion + epoxide ring - alkoxide ester

alkoxide ester + anhydride -+ carboxylate ion

as shown in eq. (2).
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Provided one uses well defined epoxy resins free of hydroxyl groups

and pure anhydrides free of carboxyl groups, curing will not occur even

e s e 4

14




i
i
i
i
i
i
i
|

at elevated temperatures prior to the addition of the amine catalyst.
This is of special importance for the formulation of high melting epo-
xides and anhydrides.

In amine cures the functionalities of hardener and resin are reversed
with respect to anhydride cures, the primary diamine being tetrafunc-
tional and the diepoxide being difunctional. At stoichiometrically
equivalent ratios of functional groups or in the presence of excess
amine, the consecutive reaction of the epoxide groups with the hydrogen

atoms of the amino groups is the only reaction taking place (34).

-CH,CH,NH, + CH,-CH-CH,- - -CHZCHZNH-CHZCH(OH)-CHZ- (3a)
N/
0
-CHZCHzNH-CHZCH(OH)CHZ- + sz;FH-CHZ- > (3b)
0 cnzcn(on)cnz-
~CH,CH,N
CHZCH(OH)CHZ-

If epoxide groups are present in excess, the hydroxyl groups formed
in the reaction can participate in the formation of ether linkages (34).

With both curing mechanisms, anhydride and amine cure, networks of
maximum crosslink density should result under ideal conditions if tetra
and difunctional components are used in stoichiometric ratio and if the
tetrafunctional component fully exercises its functionality. From a
structural point of view these networks are identical for both curing
mechanisms. A two-dimensional representation of such an ideal network
is shown in Figure 1 where tetra and difunctional components are desig-

nated by rectangles and circles, respectively.




Figure 1. Schematic representation of an ideal network derived from
tetrafunctional (rectangles) and difunctional (circles)
components in stoichiometric ratio.
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The actual crosslinks as defined by the branching points of the
chains have different chemical structures depending on the curing mech-
anisms. In anhydride cures one obtains

diepoxide-CH,~CH-0-CO-anhydride

o5
CHZ-O-CO-anhydride
whereas primary diamine cures yield

CHZ-CHOH-CHZ-diepoxide

diamine-CHz-N

\

CH2-CHOH-CH -diepoxide

2
It is obvious that the branch point cannot be labeled for x-ray work but
only some part of the molecule of the tetrafunctional component. This
means the network is labeled by the rectangles in the schematic presen-
tation of Figure 1.

Actual network structures of cured epoxy resins will deviate con-
siderably from the idealized structure of Figure 1. These deviations
will be a consequence of not all of the functionalities of both compon-
ents being fully exercised. Because of its high irregularity such a
network is difficult to depict in a two-dimensional representation,
especially concerning the spatial distributions of the tetrafunctional
component .

In Figure 2 two network irregularities are schematically indicated
where one tetrafunctional moiety, depicted as a solid rectangle, acts
only difunctional. In the schematic network of Figure 3, two tetra-
functional molecules act only trifunctional. In both cases the mesh
size of the network is increased by the incomplete reaction of the
tetrafunctional component, i.e., the crosslink density is decreased.

Incomplete reactions of the tetrafunctional components with concomitant
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Figure 2. Schematic representation of a network derived from
tetrafunctional (rectangles) and difunctional (circles)
components with some of the tetrafunctional components
exercising a functionality of two.
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Figure 3.

Schematic representation of a network derived from
tetrafunctional (rectangles) and difunctional (circles)
components with two of the tetrafunctional molecules
exercising a functionality of three.
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changes in crosslink densities will have only a minor effect on the x-

ray scattering properties of samples prepared with labeled tetrafunc-
tional compounds. Each labeled molecule would contribute to the scattered
intensity irrespective of its functionality in the network, i.e., parti-
cipation of a labeled component in either crosslinking or chain extension
could not be distinguished.

The effect of differences in crosslink densities on x-ray scattering
properties of labeled samples will be enhanced by swelling in solvents
of low electron density. The lower the crosslink density the more the
network will expand thereby increasing the average distance between
chains. In highly swollen regions the intermolecular correlation between
scattering centers may be lost and only the intramolecular correlation
will remain representing the alternation of labeled and unlabeled moieties
in the chains. In densely crosslinked (less swollen) regions intramole-
cular correlation between scattering centers might persist and permit
the estimation of crosslink density distributions in these regions.

The basic problem in the elucidation of crosslink densities in
cured epoxy resins is given by the fact that changes in crosslink density
are solely caused by the polyfunctional compound not exercising its
maximum functionality. Since irrespective of the degree of functionality
exercised, polyfunctional and difunctional components alternate in the
network chains crosslinks cannot be distinguished from chain extension
by labeling the polyfunctional component with centers of high x-ray
scattering power. Indeed, for the suggested x-ray investigations on
swollen films it is irrelevant whether the polyfunctional or the difunc-

tional component has been labeled with heavy atoms.
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The interpretation of x-ray scattering results would be greatly

simplified with systems in which the scattering centers are exclusively
inserted at the crosslinks. Appropriate systems approaching this condi-
tion would be given by resin formulations containing reactive diluent
(chain extenders) such as mono and diepoxide for anhydride cures with
the diepoxide being labeled. Correspondingly, in amine cures of diepo-
xides one would have to use secondary diamine in combination with
labeled primary diamine (11).

The curing mechanism of such systems strongly resembles the cross-
linking mechanism in free radical polymerization of mono and divinyl
compounds. In the latter mechanism crosslink density and crosslink
density distribution are determined by the copolymerization behavior of
both components, i.e., by the values of their respective copolymerization
parameters. This applies also for the curing mechanism of epoxy systems.
In anhydride cures the reactivities of mono and diepoxide toward the
anhydride will be different and copolymerization parameters can be
assigned to both components thus permitting to describe the system by
the usual copolymerization equation. The more reactive component will
be consumed faster and the crosslink density will change to some extent
as the curing process proceeds. Analogous considerations apply to amine
cures with the secondary diamine corresponding to the monoepoxide in
anhydride cures and the primary diamine corresponding to the diepoxide.

By varying the proportions of difunctional diluent in the resin
formulations, networks can be prepared differing in their crosslink
densities. The range of crosslink densities can be extended from weakly
crosslinked systems for which rubber elasticity theory still applies to

densely crosslinked systems for which the theory fails. On these systems

21

£

: . i E ¥ b Pi::’ -




crosslink density distributions should be accessible by x-ray scattering
techniques provided the distribution of crosslink distances is not too

broad.




4.0 Preparation of Cured Resin Samples

4.1 Curing Procedure

X-ray scattering experiments require only small samples of 1 x 4 cm
in size. The thickness of the samples should be uniform and should not
exceed an optimum value depending on the chemical composition of the
resin which determines its x-ray absorbance. The latter condition is
only of importance for samples containing heavy atoms, samples prepared
with conventional resins formulations were generally made of thickness
below the optimum value to allow for uptake of brominated solvents in
swelling studies. Differences in sample thicknesses are not critical
since our SAXS intensities are normalized for the same primary beam
intensity.

The formulated resins are cured between glass plates using thin
Silastic or Teflon tubings as gaskets. During the initial part of our
studies severe problems were encountered with the release of the cured
samples from the plates. This problem has been solved by proper plate
treatment.

Clean glass plates are evenly sprayed with Frekote 34 (Frekote,
Inc., Boca Rota, Fla.) and air dryed. The plates are then baked for 5-6
hrs at 230-250°C in a glass annealing oven. After cooling to ambient
temperature the plates are ready for one-time use. For reuse the plates
have to be cleaned and recoated since some of the Frekote coating is
transferred to the resin surface as indicated by its hazy appearance.

Epoxy resin and anhydride are weighed in a glove bag under nitrogen
to prevent access of humidity. Screw cap vials of 20 ml capacity are
used. Depending on the melting points of epoxide and anhydride, the

closed vials are sufficiently heated with an air gun to obtain a homo-
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genous blend which is then degassed in a vacuum oven set at proper

temperature to keep the resin viscosity sufficiently lower. After
degassing tertiary amine accelerator (dimethyl benzylamine) is added via
a microsyringe and carefully blended without reintroducing air bubbles.

The blended resin is cast on a prepared glass pl.te at the center
of a Silastic ring. The mold is closed with a second plate and is
secured with binder clips. Formulations with high melting epoxides or
anhydrides require preheated plates to prevent recrystallization of the
compounds .

Curing is performed by placing the plates upright in a thermostated
circulating air oven. After the required curing period the molds are
slowly cooled to ambient temperature and pried open.

It was found that cured epoxy resins possessing optically clear
surfaces can be obtained by curing between glass plates on which fluori-
nated polymers had been deposited by plasma polymerization. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>